Abstract. The consequences of regulatory T cell (Treg) inhibition of interleukine 2 secretion is examined by mathematical modelling. We demonstrate that cytokine dependent growth exhibits a quorum T cell population threshold that determines if immune responses develop on activation. Secretion inhibition manipulates the growth dynamics and effectively increases the quorum threshold, ie to develop immune responses a higher number of T cells need to be activated. Thus Treg induced secretion inhibition can provide a mechanism for tissue specific regulation of the balance between suppression (control) and immune responses, a balance that can be varied at the local tissue level through the regulation of the local active Treg population size. However, nonspecific inhibition is prone to escape of initially controlled autoimmune T cells through cross reactivity to pathogens and bystander proliferation on unrelated immune responses.
Introduction
Regulatory T cells, or Tregs, have emerged over the last decade as a fundamental component of the T cell repertoire, being generated in the thymus under positive selection by self peptides with a higher avidity than conventional T cells (Hsieh et al., 2004) . The Treg repertoire is as diverse as conventional T cells (Hsieh et al., 2004 ) and perform vital immune suppressive functions. Removal of Tregs, eg by (cell sorted) adoptive transfer experiments, cause a variety of autoimmune disorders in rodents, whilst many autoimmune diseases can be associated with a misregulation of Tregs, eg IPEX (Sakaguchi, 2004) .
Under exposure to their specific antigen, conventional T cells are activated leading to secretion of growth cytokines (predominantly interleukine 2, IL2), and expression of the interleukine 2 receptor which triggers cytokine driven proliferation. The primary function of the immune system is the protection of the host from pathogen invasion. During such an invasion, T cells specific to the antigen proliferate and under most circumstances successfully remove the pathogen. However, the immune system can also target self antigens (autoimmunity) and cause tissue damage and death. Tregs clearly function to limit such autoimmune responses with a delicate balance between appropriate immune activation and immune response suppression being acheived. How such a balance is established and controlled is the central focus of this paper. Our motivation is the observation that T cell proliferation through cytokines already has such a control structure; cytokine driven growth exhibits a quorum population size threshold (de Boer and Hogeweg, 1987) . We propose that Tregs locally adjust these thresholds by inhibiting IL2 secretion. The immune response-suppression axis is then a balance between the local numbers of activated T cells (eg from a pathogen encounter) and activated Tregs.
Theory
There are a number of different (CD4) T cell regulatory phenotypes reported; we propose a model of Tregs that are currently identified as CD25 + T cells, although this is not a definitive molecular marker. At a genetic level, these Tregs express Foxp3, a master regulator of the Treg phenotype inducing CD25, CTLA-4 and GITR expression, all correlating with a suppressive phenotype (Sakaguchi, 2004) .
We model a population of Tregs (denoted R, R * ) and conventional T cells (T ,T * ) with processes shown schematically in Fig. 1 Regulatory T cells are assumed to be in homeostasis, thus Treg density is controlled through some type of (nonlinear) competition. Homeostatic mechanisms of Tregs is currently poorly understood; thus we use a generic mechanism that utilises a cytokine (denoted J), analogous to interleukine 7 which is known to homeostatically regulate memory T cells (Schluns et al., 2000) . We assume the cytokine is secreted by the local tissues, thereby sustaining a local population of Tregs activated by a probably tissue specific profile of self antigens. Tregs compete for this cytokine by adsorption and thus population homeostasis is achieved. We also assume that conventional T cells cannot utilise this cytokine whilst both inactive and active Tregs proliferate under cytokine J; this can be relaxed, conventional T cells only being required to be less efficient at utilising J for survival and thus being outcompeted under homeostatic conditions. We also include a growth limitation mechanism; we use a (quadratic) Fas-FasL death mechanism (Nagata, 1999), that is assumed to act on all T cells equally. Results will be similar with any saturation mechanism. Finally, we include an influx of (auto) immune T cells into the tissue (T input in cells per ml per day), which can represent T cell circulation or naive T cell input from the thymus. We use T input = 0 for simulation of adoptive transfer experiments, and T input > 0 otherwise.
We use a set of ordinary differential equations to study the dynamics, with a compartment for each T cell population (inactive Tregs R, active Tregs R * , non secreting T cells T , secreting activated T cells T * ), interleukine 2 density I and the homeostatic Treg
Parameters are defined in Table I This model is simple enough to perform a steady state analysis; for instance the steady state condition can be shown to be a cubic and therefore there are either 1 or 3 steady states. However, the system comprises two subsystems (Treg and T cells) from which it inherits its structure, and these are far simpler to analyse. In absence of conventional T cells (T input = 0, T = T * = I = 0) the Treg compartments can be solved to give a unique nontrivial steady state R * = aR, and R + R * = R hom = ( ρS/d −δ)/α, ignoring fracticide (β = 0) as Treg density is low. Thus there is a condition on tissue production S for sustaining a local population of Tregs. We note that the Treg homeostatic level is determined by both the cytokine J source strength S and the rate of adsorbtionα of this cytokine by Tregs. At low Treg density, Treg numbers increase exponentially with growth rate ρS/δ. Thus parameterα affects the homeostatic level but not the growth rate. In this manner we reduced the impact of Tregs on immune response times by keeping their growth rate low.
In absence of Tregs, the T cell compartments can be solved in the special case T input = 0, when there is the trivial steady state T = T * = I = 0, and nontrivial steady states given by T * = bT , and x = T + T * satisfying the quadratic
ie there are two positive solutions iff b/(1 + b) > (dα + βδ)/ρ. Clarity for this condition is obtained if we calculate the growth rate for small T cell density, ie neglect the Fas-FasL death term, then proliferation occurs if ρI > d. Cytokine kinetics and the T : T * balance will reach equilibrium faster than total T cell numbers, and thus I → b/(α(1 + b)), giving the above condition on antigenic stimulation level b for growth. For T input > 0, the steady states are similar except the trivial steady state acquires a non zero positive cell density and undergoes a bifurcation at high antigenic stimulation as discussed below.
For the combined system there is one crucial new property. This can be inferred since T cells must be able to proliferate to generate an immune response; therefore the growth rate of T cells must be able to exceed that of Tregs. From (1) the growth rate of
Since Tregs are likely to be cleared slower than activated T cells d −d > 0, we deduce that < 1, i.e. Tregs are less efficient at using IL2 for growth.
To simulate a pathogen exposure, we increased b to a high level and then after an infection period of 7-10 days reduced it to its original value. Including explicit pathogen dynamics in the model gives similar behaviour, although in certain parameter regimes oscillations between pathogen and immune responses can occur.
The only important aspects of this model are a mechanism to sustain a population of Tregs, secretion inhibition of T cells with a rate that correlates with Treg population size, and growth and competition for IL2, with a higher growth rate of T cells relative to Tregs. Other aspects of the model can be altered with only quantitative differences in behaviour (not shown).
Results
To establish model dynamics, we initially simulate an influx of an autoimmune population of T cells into a tissue where the Tregs are at homeostatic equilibrium, Fig. 2b . The dependence on T cell density is a quorum mechanism; if there is a sufficiently high density of secreting T cells cytokine levels are high enough for cell proliferation to exceed cell death. During immune responses (escape of Treg control) the Treg population initially grows in the IL2 rich environment (bystander growth); however as the T cell population saturates, by Fas-FasL apoptosis assumed here, the Treg population decays since it is assumed susceptible to Fas-FasL apoptosis similar to conventional T cells, Fig. 2c . If less susceptible its decay rate is either reduced or Tregs continue to grow to numerical dominance (if fitter than the conventional T cells) which can lead to immune response and pathogen load oscillations (not shown).
These observations can be summarised in a plot of the equilibrium states, Fig. 3a , where the T = T * = 0 state is stable (as T input = 0) and thus will always be the final state for small inoculating populations of T cells. However above a critical antigenic load b L two new steady states emerge (only one of which is stable and thus realisable). To reach that state the initial load has to be sufficiently high, the load threshold lying on the basin of attraction of the escape state with I = T = 0 and R, R * at their homeostatic densities. This threshold is lowest for large b, Fig. 3 , and gives the (necessary) minimum quorum size for escape, T quorum and is approximated by the density T + T * of the unstable steady state. This dose dependence for proliferation is observed in transfer experiments. Experimentally, suppression in vitro can be overcome at high levels of antigen stimulation (George et al., 2003) ; this is observed in our model provided the initial density is higher than T quorum when there is a threshold in b at which escape occurs. In the absence of Tregs the system shows identical bifurcation behaviour but the antigen stimulation (b L ) and quorum (T quorum ) thresholds are lower. Thus Tregs shift the growth threshold to alter the balance more in favour of inhibition than immune responses. Therefore removal of Tregs (CD25 + ) in adoptive transfer experiments lowers the threshold for immune responses, and autoimmune populations that were previously suppressed in the presence of Tregs are then able to escape.
In normal healthy tissue a continuous influx of autoimmune T cells is expected, both from the thymus and through the circulation. This is modelled as an influx term T input > 0 to the T cell population. This has two significant effects, firstly a non zero T cell population is sustained which means that escape is easier, and secondly above an antigen stimulation threshold, denoted b H , control is impossible, Fig. 3b . This is because the influx population alone is sufficient to satisfy the quorum condition. Thus, in the bifurcation plot, Fig. 3b , a lower steady state equilibrium exists at low antigen stimulation (controlled state), but only the escape immune response state exists at high antigen stimulation. At intermediate levels of antigen stimulation b we have two possible stable outcomes, which state is attained depends on initial conditions as in the T input = 0 case.
So far we have assumed that levels of antigen stimulation are constant; however there are likely to be both fluctuations and a slow variation over time, eg during puberty. Thus, if antigenic stimulation rises above the threshold b H in Fig. 3b , control is lost and autoimmunity arises. Note that even if the antigen stimulation b falls to the original value, at which control was originally achieved, control may not be reacquired, and is only attained if stimulation falls below the second threshold b L , Fig. 3 . This phenomena, termed hysteresis, is common in many physical systems.
Our system displays a control state and an immune state. This biphasic behaviour is a consequence of the IL2 driven dynamics where the IL2 concentration must be high enough such that the growth rate exceeds the death rate; this requires a sufficiently high density of secreting T cells. Thus even in the absence of Tregs, T cells can display this behaviour (in fact in Fig. 3b the parameters are such that the bifurcation points b L , b H are lost and hysteresis is no longer observed although a sharp transition with b remains). The presence of Tregs increases the thresholds b L , b H , Fig. 3 , thereby enhancing the control state. The thresholds b L , b H can be tuned by adjusting the Treg homeostatic population size, a larger size conferring greater protection. We note that Tregs must be less efficient at utilising IL2 to proliferate, < 1, eg through a lower density of surface receptors (IL2 receptor), otherwise escape is impossible. Correspondingly, Tregs need a mechanism to sustain their numbers such that Treg die out is prevented. We have used an homeostatic mechanism (cytokine distinct from IL2) to maintain a local population; in this case conventional T cells must be less efficient at utilising this cytokine for growth than Tregs. Alternatively, a continuous input R input can be used to maintain the population. This asymmetry between Tregs and conventional T cells is essential for the immune system to display both control and immune response escape. Thus at low inflammation levels Treg survival is predominant, while at high levels of pathogen load T cell growth is faster than Treg growth.
Humans are continually exposed to pathogens which invoke T cell activation and immune responses. This has consequences on Treg control of autoimmune states since immune responses produce IL2 and thus can lead to bystander growth and loss of Treg homeostasis, or in the case of cross reactivity direct stimulation of auto reactive T cells. We simulate a pathogen exposure in a tissue with initial Treg control of an autoimmune population where there is cross reactivity between the pathogen specific T cells and self, Fig. 4 . Depending on the strength of the autoimmune antigen we observe either a loss of control, i.e. Tregs fail to reacquire control, or autoimmune suppression is reinstated post infection. The former case corresponds to autoimmune antigen stimulation levels b L < b < b H , although escape is not guaranteed as the immune response must be of sufficient duration to allow autoimmune T cells numbers to rise and sufficiently outnumber Tregs (about 5.5 days in our simulations). Autoimmune T cells with b < b L are always controlled post infection, Fig. 4A . The length of the period post infection for autoimmune control to be reestablished is determined by the slow death rate of T cells; we did not include a specific downsizing mechanism or memory differentiation in the model which would reduce this period. Escape dynamics can also show a delay in the onset of autoimmunity when infection duration is short, Fig. 4C . Cross reactivity enhances escape; however pure bystander growth can also lead to escape although longer infection periods and higher b are required for escape (not shown). We also note that infections transiently enhance Treg populations, either eventually returning to homeostasis, or in the case of autoimmune responses being themselves suppressed; in our model this is because of their susceptibility to Fas-FasL mediated apoptosis. Other population saturation models, specifically assumptions of the impact on Tregs of T cell saturation, can give different levels of Tregs.
Finally, we note that T cell population numbers are stochastic. In our model we have assumed a constant influx of autoimmune T cells. This should probably be interpreted as an influx of a diversity of self reacting T cells from the thymus and circulation instead of a specific T cell population. Under a stochastic flux model the system behaves as the T input = 0 model between inputs, and so T cell populations eventually die. Thus only if the input frequency is large enough is a non zero population maintained.
Discussion
In this paper we examined a mechanism of Treg control of immune responses through regulation of cytokine dependent T cell proliferation. In our model Tregs have two effects on cytokine levels; firstly they directly inhibit cytokine secretion and secondly they adsorb (and thus compete for) proliferative cytokines. Both of these have an impact on T cell growth. However, secretion inhibition is shown to act as a growth modulator through adjustment of a quorum threshold associated with cytokine growth dynamics. The second effect was minimal in our simulations because the Treg population was always a minor population; however increasing the homeostatic level of Tregs would increase the impact of this competition and reduce immune response growth rates, thereby extending immune response times.
The threshold mechanism discussed here is extremely robust to model details, being effectively a model of activation and escape. Proliferation driven by a secreted cytokine is naturally population size (quorum) dependent (de Boer and Hogeweg, 1987); if the secreting population density is too low the cytokine levels are insufficient to support growth. This 'quorum sensing' imposes a population consensus on immune responses which are only initiated if a sufficiently high number of T cells are locally activated. A locally maintained population of Tregs raise this quorum threshold in the local tissue. Thus, immune responses are inhibited unless the number of activated T cells is sufficiently large when the immune response escapes inhibition; such escape is dependent on the higher efficiency with which conventional T cells (responders) can utilise IL2 compared to Tregs. This quorum mechanism originates from IL2 driven growth and is independent of whether growth is continually stimulated through antigen exposure, as modelled here, or in a programmed proliferation phase which is still cytokine dependent (van Stipdonk et al., 2001). Our model also demonstrates bistability; this is in fact a common feature of all the current Treg models (Leon et al., 2000) .
Treg induced secretion inhibition can protect different tissues from immune responses to varying degrees by adjusting (possibly through evolutionary selection) the size and activity of the local Treg population. In our model this would be by local adjustment of the tissue source strength of the Treg homeostatic cytokine J and the Treg specific local antigen stimulation level a. This mechanism allows tissues that are frequently exposed to antigen, eg the gut, to have the balance more in favour of inhibition, while other tissues may have no local Treg population. Under pathogen invasion Treg control can be broken and an immune response ensue. After pathogen clearance, T cells downsize and differentiate to memory whilst Tregs ideally return to pre immune response levels through homeostatic regulation. However, since regulation is non specific, an immune response, and the associated proliferative cytokine production can induce bystander proliferation of autoimmune T cells (and Tregs), whilst enhanced levels of costimulation can abbrogate inhibition which undermines control of autoimmunity. Because of the hysteresis implicit in the dynamics, the high proliferation of these bystanders during the immune response may lead to their escape from Treg control and thereby establish chronic autoimmunity. Thus our model can explain the fact that autoimmunity can be associated with a prior pathogen exposure. Whilst bystander proliferation could lead to autoimmunity we found that cross reacting T cells were more prone to escape (escape at lower b). The (load) threshold behaviour observed in adoptive transfer experiments (Shevach et al., 2001) is also explained by this quorum growth mechanism, whilst we predict a cytokine (principally IL2) dependence of this threshold and thus its modulation under alteration of the IL2 environment. The reverse switch from autoimmune to controlled state can be achieved if the autoimmune T cell population can be lowered sufficiently, or Treg density increased. For example, immune suppression that targets conventional T cells but not Tregs could lead to a switch. A possible target is suppression of IL2 secretion, provided chronic autoimmune states are IL2 dependent. However, because of the hysteresis in this system high levels of suppression are needed, whilst the observation of delayed escape and autoimmunity, Fig.  4c , indicates that temporal dynamics must also be considered.
Our model can be further expanded to include additional biological details, for instance Finally we observe that our model is not applicable to IL2 receptor or IL2 deficient knock outs. These animals display lymphoproliferative disorders while the Treg population is undeveloped. Our model has emphasised the role of the key proliferative cytokine IL2; however in absence of IL2, or IL2 signals, other cytokines determine the development, growth and survival of T cells. It is probable that lymphoproliferative disorders arise through both Treg developmental irregularities and periphery immune regulatory dynamics (Wolf et al., 2001), effects which are not included in our model.
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